ABSTRACT The glycoproteins of whole cells have been analyzed by direct application of radio-iodinated lectins to sodium dodecyl sulfate gels, followed by autoradiography. By comparison, not much is known about alterations in the carbohydrate portion of surface glycoproteins after transformation. Decreased levels of sialic acid and galactosamine have been reported (6-8), but conflicting results have also been obtained (9) and increased glycosylation has been described (10, 11). Since little is known about the function of carbohydrate on normal cell surfaces, the significance of changes after transformation is not understood. Research in this direction has been hindered by the lack of suitable analytical techniques compared with those of protein chemistry. In this paper glycoproteins are identified in sodium dodecyl sulfate (NaDodSO4)-polyacrylamide gels by their binding of iodinated lectins. This permits glycoprotein analysis according to both oligosaccharide specificity and apparent molecular weight. The technique reveals major differences in the glycoproteins of normal and transformed cells.
virus 40 transformants of T3 cells, suggesting a degree of clonal variation between these lines that may not relate to transformation.
A complementary technique is used to detect specific antigens in sodium dodecyl sulfate gels by direct application of iodinated antibodies. An antiserum specific for the LETS protein is used to identify this antigen in the gels of both normal and transformed cells.
Many differences have been found between normal and transformed cells. Those differences that affect the cell surface may be most relevant to the transformed cell's potentially malignant properties: its insensitivity to normal growth control mechanisms and its altered behavior regarding other cells. Recent studies have paid most attention to changes occurring in the polypeptide portion of the various surface glycoproteins. For example, gel analysis and surface labeling techniques have revealed the loss of a large glycoprotein [large, external, transformation-sensitive (LETS) protein] from the surface of many transformed cells (1) (2) (3) (4) (5) .
By comparison, not much is known about alterations in the carbohydrate portion of surface glycoproteins after transformation. Decreased levels of sialic acid and galactosamine have been reported (6) (7) (8) , but conflicting results have also been obtained (9) and increased glycosylation has been described (10, 11) . Since little is known about the function of carbohydrate on normal cell surfaces, the significance of changes after transformation is not understood. Research in this direction has been hindered by the lack of suitable analytical techniques compared with those of protein chemistry. In this paper glycoproteins are identified in sodium dodecyl sulfate (NaDodSO4)-polyacrylamide gels by their binding of iodinated lectins. This permits glycoprotein analysis according to both oligosaccharide specificity and apparent molecular weight. The technique reveals major differences in the glycoproteins of normal and transformed cells.
While the work described in this paper was in progress, the (14) , after precipitation with 10% trichloroacetic acid. NaDodSO4 gel electrophoresis was performed on slab gels by the system of Laemmli (15) .
Lectins. Concanavalin A (Con A) was obtained from Miles Labs. Wheat germ agglutinin (WGA) and the phytohemagglutinin from red kidney beans (PHA) were purified from crude preparations (Calbiochem) by affinity chromatography on Sepharose-ovomucoid and Sepharose-thyroglobulin columns, respectively, prepared by the cyanogen bromide method (16) . The lectins were eluted with 0.1 M acetic acid. Ricin was purified from castor beans (17) and was the 120,000-dalton species. The lectins (1-10 mg/ml in phosphate-buffered saline) were iodinated by the chloramine T method (18) in the presence of respective inhibitory monosaccharides. Reaction products were separated on Sephadex G-50 (Pharmacia), or Bio-Gel P10 (Bio-Rad) for Con A. Some iodinated lectins were repurified by affinity chromatography, but no significant differences were seen when these were applied to gels. Radioactivity was measured in "Aquasol" scintillation fluid (New England Nuclear). The lectins had specific activities between 2 X 107 and 2 X 108 cpm/mg of protein.
Staining of Gels with Lectins and Antibodies. After electrophoresis, a gel was sliced and shaken for 2 hr in "fix" solution (46% water:46% methanol:8% acetic acid, vol/vol) with or without Coomassie blue and then shaken in destain solution for several hours. After equilibration by several changes in buffer A (20) . Goat antiserum against rabbit immunoglobulin (IgG) (Calbiochem) was iodinated after binding to an immunoadsorbent column prepared by coupling rabbit IgG to Sepharose 4B. The iodination was catalyzed by lactoperoxidase (conditions will be described elsewhere; Burridge, manuscript in preparation). Antibody preparations had specific activities between 1P7 and 5 X 107 cmp/mg of protein.
Immunofluorescence. Ricin was conjugated with fluorescein-isothiocyanate (FITC) (Sigma) in the presence of 1% galactose. The FITC-ricin was separated from free FITC on Sephadex G-50. Cells were prepared for staining with either antibody against LETS protein, or with FITC-ricin, as described by Chen et al. (21) . The cells were viewed with epifluorescent optics in a Zeiss PM 11 microscope using a 63X oil immersion lens.
RESULTS
"Staining" of Gels with Radio-Iodinated Lectins. Fig. 1 shows parallel slices of an NaDodSO4 gel fractionating total SV3T3 cells. The first slice has been stained for protein and the other slices have been reacted with either 125I-labeled Con A or '25I-labeled WGA in the presence or absence of their inhibitory monosaccharides. The two lectins label different gel bands. WGA labeling is inhibited by 2% N-acetylglucosamine, whereas Con A labeling is almost completely inhibited by 2% a-methylglucoside, except at the dye front and to a band just above this. For each lectin tested, only certain monosaccharides inhibited binding; thus, galactose blocked ricin binding but not that of Con A nor WGA (data not shown).
The glycoproteins of 3T3 cells and of three viral transformants of these cells have been analyzed on NaDodSO4 gels in Fig. 2 by reacting parallel gel slices with four different iodinated lectins. [Previous work has indicated that Con A has a monosaccharide specificity for mannose and glucose, ricin for galactose, WGA for N-acetylglucosamine, and PHA for Nacetylgalactosamine (22) . ] Each lectin labels many bands, the most being found in the gel reacted with Con A. Ricin, WGA, and PHA give somewhat similar labeling patterns, and a prominent cluster of bands between 100,000 and 140,000 daltons reacts with all three lectins. In each case, however, the 3T3 cells stain more intensely in this region.
With all four lectins, differences are seen between the normal and the transformed cell types. WGA, on the gel of 3T3 cells, for example, stains a doublet strongly at about 190,000 daltons and another band at about 205,000 daltons, but WGA does not stain equivalent bands in the transformed cells. Glycoprotein differences are also seen between the various transformants. For example, a band at about 250,000 daltons, the region to which the LETS protein moves, is labeled in all four cell types by Con A and PHA, but this band is only labeled strongly with WGA and ricin in the gels of the SV101 and Py3T3 cells.
The glycoproteins of normal and RSV-transformed chick cells have been analyzed in Fig. 3 . Here the most prominent glycoprotein differences involve a band that is shown below to be largely composed of LETS. In the normal chick cells, this band is stained intensely by all four lectins; it would seem, therefore, that LETS contains considerable carbohydrate and exposes several different terminal specificities. In the RSVtransformed chick cells, the staining of this band is reduced, while other glycoprotein bands appear or become more prominent. An additional band with a molecular weight of about 40,000 is revealed in the gel stained with Con A, whereas both WGA and PHA reveal the presence of a band just below 200,000 daltons. With WGA on the gel of transformed chick cells there is also increased staining at the dye front, suggesting an additional glycoprotein(s) of 20,000 daltons or less.
A striking feature of Fig. 3 was the localization of the ricin staining to almost only a single band. Strong evidence that this band is LETS protein comes from a comparison of the immunofluorescent staining patterns obtained by applying FITCricin and antibody against LETS to the same chick fibroblasts in culture. A similar, extracellular, fibrillar network which extends over and between the cells, is stained by both reagents (Fig. 4) .
Recently a correlation has been found between the tumorigenicity of transformed cell lines and the reduction of LETS protein expressed on the cells' surface (21) . F18 and T8 are two rat cell lines both transformed by adenovirus-2, but T8 is highly (Fig. 7) . The procedure was similar to the staining of gels with iodinated lectins, but the initial antibody was unlabeled and was followed after extensive washing with iodinated goat IgG directed against rabbit IgG.
It should be noted that the antibody against LETS protein stained a high-molecular-weight band found in the gel of each cell type used in this study. The intensity of this staining varied considerably among the different cell types, the lowest level 5 . A NaDodSO4 gel analysis of the glycoproteins of two rat fibroblast cell lines transformed by adenovirus type 2. Alternate samples (50 gg of protein) of the two cell types, F18 and T8, were fractionated on 7.5% NaDodSO4 slab gels. One slice was stained for protein; the other slices were reacted with 125I-labeled Con A, ricin, WGA, or PHA. The bands corresponding to the LETS protein (L), myosin (M), actin (A), and the dye front (DF) are indicated.
being seen in the tumorigenic, adenovirus-transformed, rat cell line T8. The intensity of this band was also much reduced in the RSV-transformed chick cells compared with that of the normal chick fibroblasts. An unexpected result was that the gels of two of the 3T3 cell transformants (SV101 and Py3T3) showed increased intensity of staining with the LETS antibody.
DISCUSSION
Two techniques have been introduced to study transformed cells. In one, glycoproteins are identified in NaDodSO4 gels by their direct binding of iodinated lectins. The technique has also been developed independently by two other groups studying erythrocyte glycoproteins (12, 13) . .Second, a specific antigen (LETS protein) has been identified in NaDodSO4 gels by its Identification of the LETS protein gel band by direct "staining" of a NaDodSO4 gel with antibody against LETS protein. A 7.5% NaDodSO4 slab gel was used to fractionate parallel samples of whole cells: Py3T3 (1), 3T3 (2), SV3T3 (3), Svl01 (4), F18 (5) , and T8 (6). For economy of antiserum, small gel slots were used (3 mm compared with 6 mm) and 25 gg of protein was put in each one. Parallel slices were stained for protein (A) or with antibody against LETS protein (B), followed by the second iodinated antibody as described in the text. binding of specific iodinated antibodies. A similar technique has been described previously in which the second antibody was conjugated with fluorescein (23) .
Direct application of lectins to gels has been used here to analyze the glycoproteins of whole cells. The bands detected will include glycoproteins from the internal membrane systems, as well as from the plasma membrane and cell surface. A surprising result was the large number of bands that could be detected with some lectins, such as Con A. This suggests a degree of caution when considering the effects of lectins on live cells. The action of a particular lectin on cells is frequently complex (22) , but often the effects have been interpreted as if all were due to interaction with a single surface receptor. In this study, only with ricin on the chick fibroblasts was most of the lectinbinding localized to a single band, in this case to the LETS protein. This conclusion was confirmed on intact cells by the closely similar immunofluorescent staining pattern given both by antibody against LETS protein and by FITC-ricin (Fig. 4) . Gel analysis of glycoproteins should be useful in many circumstances. One would predict, for example, from these data that a ricin affinity column would be highly effective in the purification of LETS protein from chick cells but of little value for purifying the same protein from mouse fibroblasts.
When the glycoproteins of normal and transformed cells are compared, marked differences are seen. Previous studies have shown that many transformed cells have altered glycosyltransferase and glycosidase activities (8, 24, 25) . Changes in the activity of just a few such enzymes might result in a gross alteration in the pattern of glycoproteins as detected by lectin binding. These changes might significantly affect such parameters as cell-cell adhesion and cell-substrate adhesion, which, in turn, would alter various other properties, such as a cell's morphology, motile behavior, and response to its neighbors. However, glycoprotein differences are also seen between the two lines of 3T3 cells transformed by simian virus 40, suggesting that many differences may result from clonal variations unrelated to viral transformation. It will be important in the future to look at the glycoproteins of temperature-sensitive transformants at both permissive and restrictive temperatures.
At the outset of this work, the LETS glycoprotein was of particular interest. It is a major surface component involved in cell-substrate (26, 27 ) and cell-cell (21) adhesion. It is lost from the surface of many cells after transformation, for example from chick cells transformed by RSV, but this is not because it is not synthesized (28) . Both the antibody against LETS protein and the lectin staining on the gels of the RSV-transformed cells confirm the presence of some LETS protein within them. The lectin results are interesting since they indicate that at whatever stage LETS protein is being degraded or lost from these chick cells, it occurs subsequent to the glycosylation process. With the simian virus 40-and polyoma-transformed 3T3 cells, a different situation exists. Chen (unpublished results) has found that these cells do express some surface LETS protein, particularly when highly confluent, although in reduced amounts when compared with confluent 3T3 cells. However, the intensity of the antibody staining on these gels indicates that the transformants have as much, or even more, LETS protein than the normal cells. This would suggest an accumulation of LETS protein within these cells, perhaps related to the incomplete expression on the surface. In this respect, it is interesting that the LETS protein band of the Py3T3 and SV101 cells binds significantly greater amounts of both ricin and WGA, indicating an altered pattern of glycosylation.
Not all transformed cells produce tumors. The rat cell lines, F18 and T8, were studied because, while they are both transformed by adenovirus type 2, T8 is highly tumorigenic whereas F18 is nontumorigenic, even in immunosuppressed animals. These are two cell lines from a series of transformants in which increasing tumorigenicity has been found to correlate with a progressive decrease in the expression of LETS protein on the cell surface (21) . The direct application of the LETS protein antibody and the lectins to gels confirms the very low levels of LETS protein in the T8 cells compared with the F18 cells. But, the lectin technique also reveals other glycoprotein differences between these two cell types. Again, these may be clonal variations, but it will be important in the future to investigate whether any of these other differences may also relate to the difference in tumorigenicity between these two cell lines.
